. In addition, recent work has demonstrated a further isoenzyme of malate dehydrogenase localized in plant microbodies (22, 23, 29) . Although the isoenzymes of malate dehydrogenase in higher plant tissues have been the subject of many investigations (11, (21) (22) (23) (28) (29) (30) , little is known about the distribution and function of these isoenzymes in the algal cell. When Euglena cell organelles were separated by sucrose density gradient centrifugation, malate dehydrogenase activity was recorded in several fractions (17). Besides malate dehydrogenase activity in the mitochondrial fraction, activity was present in the particulate glycolate oxidoreductase fraction, the supernatant, but not in the chloroplast fraction (17). When grown phototrophically on an appropriate light-dark regime, cultures of Euglena gracilis divide synchronously, an appropriate doubling of cell number occurring in each dark period within certain limits of cell concentration (7). By using division synchronized cultures, the development of malate dehydrogenase activity in relation to other cellular activities can be investigated. In the present paper, we report on the characterization of malate dehydrogenase isoenzymes in cell fractions and their expression over the division cycle in Euglena cultures.
In division synchronized cultures of Euglena, all three isoenzymes of malate dehydrogenase were synthesized over the light phase of the cycle. Darkening light phase cultures did not affect malate dehydrogenase activity. The addition to cultures of cycloheximide at a concentration previously shown to inhibit protein synthesis on Euglena cytoplasmic ribosomes completely inhibited increase in malate dehydrogenase activity over the cell cycle. Malate dehydrogenase activity was unaffected by the addition of chloramphenicol in amounts known to inhibit preferentially protein synthesis on 70S ribosomes.
In most higher plant and animal tissues, two proteins with malate dehydrogenase activity (L-malate-NAD oxidoreductase, EC 1 .1 .1.37) can be demonstrated, one associated with the supernatant fraction of the cell and the other is a particulate form localized in mitochondrial fractions (26) (27) (28) . In addition, recent work has demonstrated a further isoenzyme of malate dehydrogenase localized in plant microbodies (22, 23, 29) . Although the isoenzymes of malate dehydrogenase in higher plant tissues have been the subject of many investigations (11, (21) (22) (23) (28) (29) (30) , little is known about the distribution and function of these isoenzymes in the algal cell. When Euglena cell organelles were separated by sucrose density gradient centrifugation, malate dehydrogenase activity was recorded in several fractions (17) . Besides malate dehydrogenase activity in the mitochondrial fraction, activity was present in the particulate glycolate oxidoreductase fraction, the supernatant, but not in the chloroplast fraction (17) . When grown phototrophically on an appropriate light-dark regime, cultures of Euglena gracilis divide synchronously, an appropriate doubling of cell number occurring in each dark period within certain limits of cell concentration (7) . By using division synchronized cultures, the development of malate dehydrogenase activity in relation to other cellular activities can be investigated. In the present paper, we report on the characterization of malate dehydrogenase isoenzymes in cell fractions and their expression over the division cycle in Euglena cultures.
MATERIALS AND METHODS
Growth, Synchronization Regime, and Sampling of Culture. Division synchronized cultures of E. gracilis Klebs strain Z were obtained exactly as described previously (4) . As before, samples were removed at ts, t12, t17, and ti,, this referring to the hour of sampling after commencement of the 24-hr cycle in which the culture was used. Asynchronous cultures were grown at 25 C in the photoautotrophic growth medium of Cramer and Myers (9) Glycolate oxidoreductase was assayed as described previously by Lord and Merrett (18) .
Succinate dehydrogenase (EC 1.3.99. 1) was assayed by a modification of the procedure of Ells (13) , which used phenazine methosulfate to couple electron transfer between succinate and 2,6-dichlorophenolindophenol. The reaction mixture contained in a final volume of 3.0 ml, 33 mm potassium phosphate buffer, pH 7.6, 0.1 mM 2,6-dichlorophenolindophenol, 3 .3 mM KCN, 6.6 mm sodium succinate, and enzyme. The reaction was started by the addition of 0.1 ml of 1% (w/v) phenazine methosulfate and was measured by following the decrease in extinction at 600 nm.
Fumarase (EC 4.2.1 .2) was assayed by the method of Massey (19) . The reaction mixture contained in a final volume 3.0 ml, 50 mm potassium phosphate buffer, pH 7.3, 50 mm L-malate, and 0.1 ml of cell extract. The reaction was started by the addition of malate and followed by measuring fumarate formation at 300 nm. Protein was determined by the method of Lowry et al. (18) and chlorophyll by the method of Arnon (2) .
Polyacrylamide Gel Electrophoresis. Polyacrylamide gel electrophoresis was carried out at pH 8.1 according to Davis (10) . The running gel was 0.7 X 8.0 cm and was polymerized with ammonium persulfate. The electrolyte contained 2.9 g of glycine, 0.6 g of tris, and 0.5 ml of 1 N HCI per liter; 0.5% (w/v) bromophenol blue in 1 % acetic acid was used as a tracking dye. Electrophoresis at a current of 5 mA per tube was carried out for 35 min by which time the tracker dye was within 0.5 cm of the end of the gel. Following electrophoresis the gels were loosened with a fine hypodermic needle under water, removed from the glass columns, and malate dehydrogenase activity was detected by incubating at 37 C in a reaction mixture prepared according to Fine and Costello (14 (Fig. 1 ) gave a peak of activity for both these enzymes, confirming that this fraction contained the bulk of mitochondria. Glycolate oxidoreductase was taken as a marker enzyme for peroxisomes, and a peak of activity was present in fraction 5 (Fig. 1) . Electron microphotographs of this fraction showed that it contained single membrane-bound cell organelles similar to those reported in intact Euglena cells by Graves et al. (15) . Malate dehydrogenase showed peaks in fractions 3 and 5, the peak in fraction 3 represented mitochondrial malate dehydrogenase, whereas activity in fraction 5 was a specific peroxisomal enzyme. After sucrose density gradient centrifugation of broken cell suspensions of Euglena, 90% of the protein, 85% of glycolate oxidoreductase, 91 % of malate dehydrogenase, 70% of fumarase, and 63% of succinate dehydrogenase were recovered in various gradient fractions.
Acrylamide gel electrophoresis of the gradient fractions at pH 8.9 confirmed the existence of different isoenzymes. Fractions 1, 2, and 3 contained mitochondrial malate dehydrogenase of low electrophoretic mobility, fractions 4 and 6 showed no activity, whereas fraction 5 contained malate dehydrogenase of greater electrophoretic mobility showing that peroxisomal malate dehydrogenase was a different isoenzyme from the mitochondrial enzyme. In fraction 7, three distinct bands of malate dehydrogenase activity were present (Fig. 2) . One band corresponded to the mitochondrial enzyme, a second to the peroxisomal enzyme, whereas the third band present only in fraction 7 showed the greatest electrophoretic mobility.
pH Dependence. The pH optima for malate dehydrogenase activity in various cell fractions was determined using the standard assay system but varying the pH by means of zwitterionic buffers to minimize changes in ionic strength. The optimum pH for mitochondrial malate dehydrogenase activity was pH 8.0, while for the peroxisomal enzyme it was 8.5 (Fig. 3) . The supernatant fraction gave a broad pH optimum for malate dehydrogenase over the range pH 7.0 to pH 9.0, presumably resulting from the presence of all three isoenzymes.
Michaelis Constants for Oxaloacetate and NADH. In order to characterize further the various isoenzymes, the kinetic properties of the malate dehydrogenases of the various cell fractions were compared (Fig. 4) . The effect of oxaloacetate concentration on reaction rate for mitochondrial malate dehydrogenase activity is given in Figure 4 . At oxaloacetate concentrations greater than 0.17 mM substrate inhibition was observed, whereas at 0. 9 inhibition of activity than the mitochondrial enzyme (Fig. 4) (Table I) . The pyridine nucleotide specificity of all three isoenzymes was tested, but measurable activity was not recorded with NADPH even when the cell fractions were incubated with dithiothreitol (5 mM final concentration) before assay. The Km values for NADH were very similar for malate dehydrogenase activity in the mitochondrial and peroxisomal fractions, but the Km (NADH) was greater for the supernatant fraction (Table I) .
Malate Dehydrogenase Activity over the Cell Cycle. Total malate dehydrogenase activity was determined by removing aliquots from the culture at intervals over the cell cycle, sonicating, and assaying activity in the crude supernatant after low speed centrifugation. Activity increased steadily over the light phase, having increased 2-fold by near the end of this phase. Maximum activity was recorded in early dark phase (t17), but then activity decreased, until at the end of the dark phase, it was approximately double that at the beginning of the cycle (Fig. 5) . The use of a light-dark regime to impose cell synchrony raises the possibility that changes in enzyme activity may be the result of light inactivation or dark activation of enzymes at specific stages of the cell cycle. To investigate this possibility, a synchronized culture was darkened 3 hr after the commencement of the light phase and compared with a culture undergoing a normal light-dark regime. Little difference was observed in malate dehydrogenase activity between the two cultures (Fig. 5) , so it was concluded that the primary effect of a light-dark regime was in imposing cell synchrony and changes in malate dehydrogenase activity resulted from this rather than a direct effect of light or dark upon enzyme activity.
The effect of specific inhibitors of protein synthesis upon malate dehydrogenase activity over the division cycle was investigated (Fig. 6) . Either chloramphenicol or cycloheximide was added to a division synchronized culture at the beginning of the light phase, and development of malate dehydrogenase in this culture was compared with a control culture (Fig. 6) . Chloramphenicol had little effect on the increase in malate dehydrogenase activity over the cycle (Fig. 6) , while cycloheximide completely inhibited the increase in malate dehydrogenase activity (Fig. 6) .
The development of malate dehydrogenase in different cell fractions, corresponding to different isoenzymes, over the division cycle was followed (Fig. 7) . Cells were harvested at various stages over the cycle and disrupted with care, and after sucrose density centrifugation, malate dehydrogenase activity in the various cell fractions was determined (Fig. 7) chondrial malate dehydrogenase activity increased nearly 2-fold over the light phase of the cycle and had doubled by early dark phase (Fig. 7) The expression of malate dehydrogenase activity over the cell cycle in Euglena can be compared with enzymes previously investigated, being unlike phosphoglycerate or phosphoglycolate phosphatases, both of which showed increased activity over the dark phase of the cycle (5) or phosphopyruvate carboxylase which was a "peak" enzyme (6) . The pattern of activity resembles that for ribulose 1,5-diP carboxylase (4) doubling over the light phase, marginally increasing by the t17 stage, but decreasing again by the t23 stage, so that activity has just increased 2-fold over a complete cycle. This is as would be expected for de novo synthesis of enzyme increase in activity taking place at the time of maximum protein synthesis (8) .
Although Codd (3) has shown a flavin mononucleotide-mediated photoinhibition of malate dehydrogenase in Euglena extracts, there was no direct effect of light on malate dehydrogenase activity over the cell cycle.
Specific inhibitors of protein synthesis show that increased malate dehydrogenase activity results from the synthesis of new enzyme. The increase in activity was effectively inhibited by cycloheximide added to the culture at concentrations known to inhibit protein synthesis of Euglena cytoplasmic ribosomes although not affecting chloroplast ribosomes (1. 25) . The addition of chloramphenicol in amounts known to inhibit preferentially protein synthesis on organelle ribosomes only slightly inhibited increase in malate dehydrogenase activity (1, 25) . Although some doubt exists regarding the specificity of these inhibitors in higher plant systems (12) , the protein-synthesizing machinery of Euglena differs from the higher plant, in that the cytoplasm contains an unusually large 88S ribosome (24) , while these inhibitors have been shown to effectively inhibit protein synthesis on Euglena ribosomes in vitro (1) .
The temporal expression of mitochondrial and peroxisomal malate dehydrogenase isoenzymes was similar (Fig. 7) 
